Abstract Arthritis of the knee is the most common type of joint inflammatory disorder and it is associated with pain and inflammation of the joint capsule. Few studies address the effects of the 810-nm laser in such conditions. Here we investigated the effects of low-level laser therapy (LLLT; infrared, 810-nm) in experimentally induced rat knee inflammation. Thirty male Wistar rats (230-250 g) were anesthetized and injected with carrageenan by an intraarticular route. After 6 and 12 h, all animals were killed by CO 2 inhalation and the articular cavity was washed for cellular and biochemical analysis. Articular tissue was carefully removed for real-time PCR analysis in order to evaluate COX-1 and COX-2 expression. LLLT was able to significantly inhibit the total number of leukocytes, as well as the myeloperoxidase activity with 1, 3, and 6 J (Joules) of energy. This result was corroborated by cell counting showing the reduction of polymorphonuclear cells at the inflammatory site. Vascular extravasation was significantly inhibited at the higher dose of energy of 10 J. Both COX-1 and 2 gene expression were significantly enhanced by laser irradiation while PGE 2 production was inhibited. Low-level laser therapy operating at 810 nm markedly reduced inflammatory signs of inflammation but increased COX-1 and 2 gene expression. Further studies are necessary to investigate the possible production of antiinflammatory mediators by COX enzymes induced by laser irradiation in knee inflammation.
Introduction
Arthritis is considered one of the major causes of chronic disability in the elderly population, affecting diarthrodial joints. Clinical symptoms are characterized by pain, reduced range of movement, crepitus, tenderness, and inflammation. Social and financial consequences of this illness tend to be higher as this population parcel is markedly growing [1] [2] [3] .
Although arthritis may be initiated by impact loading and other mechanical agents acting on the joint, proinflammatory eicosanoids and cytokines play an important role in the progression of the disease [4, 5] .
Increasing evidence indicates that cartilage degeneration results from inflammatory process at the molecular level. Activated inflammatory cells and chondrocytes produce a wide range of cytokines and chemokines, such as interleukin-1 (IL-1), IL-6, IL-8, IL-17, and IL-18, etc. In addition, reactive oxygen species (ROS) and lipid-derived mediators products, such as prostaglandins and leukotrienes, increases chondrocyte catabolic activity [2, 4, 5] .
IL-1 and TNF-α are the most extensive studied metabolites. IL-1 is found in significant levels in osteoarthritis synovial fluid and type I IL-1 receptor is increased expressed on osteoarthritis chondrocyte. It is capable of suppressing type II collagen synthesis and suppress proteoglycan synthesis [4, 5] .
IL-1 and TNF-α are also important regulators of metalloproteinase (MMP) gene expression and protein synthesis in osteoarthritis [5] [6] [7] . Additionally, TNF-α is also found in synovial fluid and its receptor TFR1 is up-regulated in osteoarthritis. The production of prostanoids such as leukotriens and prostaglandins is also specially involved in osteoarthritis-related pain and disability [8] .
Arthritis therapies are based on relieving pain, improving the range of motion, and promoting partial tissue regeneration. Current therapeutic strategies include surgical procedures and pharmacological and non-pharmacological management. Surgical procedures are only considered after more conservative therapies have failed, and it includes osteotomy, arthroscopy management, grafting, arthrodesis, and arthroplasty. Besides analgesics (opiate and non-opioid) and chondroitin, glucosamine, sodium hyaluronate compounds, the anti-inflammatory drugs (corticosteroids and non-steroidal) are the most widely used drugs, despite that a panel of experts has ranked oral non-steroidal antiinflammatory drugs (NSAIDs) as the most toxic therapy in knee osteoarthritis, followed by corticosteroid injections, paracetamol, topical NSAIDs, chondroitin, and glucosamine sulphate [3, 9] .
The search for less toxic non-pharmacological alternatives agents in arthritis management suffers from lack of interest and funding, but low-level laser therapy (LLLT) is about to be taken more seriously by clinicians. We recently demonstrated that LLLT is effective in reducing non-specific neck pain [10, 11] and is beginning to be considered a potential alternative to drugs.
The bulk of new and increasing evidence shows that LLLT is no longer a mythical alternative therapy with diffuse and hypothetical mechanisms of biological action, but a therapy that has distinct biophysical properties and dose-dependent biological mechanisms of action [12] .
Several animal and human trials have been performed that show the modulatory effect of laser radiation on inflammatory markers (PGE 2 , TNF-α, IL-1β, plasminogen activator) and on the inflammatory process itself (reducing edema, hemorrhagic formation, necrosis, neutrophils influx) [12, 13] .
In this perspective, the present study was designed to investigate the effect of low-level laser therapy on edema formation, leucocyte influx, myeloperoxidase activity, COX-1 and COX-2 gene expression, residues, IL-1 and PGE 2 quantification in rat-induced knee inflammation in rats. In other words, our main hypothesis is that LLLT can act as an effective therapeutic alternative to treat joint inflammatory conditions.
Materials and methods

Animals
All experimental procedures were submitted and approved by the Ethical Committee of the University of São Paulo.
Male Wistar rats (250 g) were housed five per cage before the experimental procedure. Food and water were provided ad libitum throughout the experimental protocol. Rats were anesthetized with inhalatory halothane to allow inflammatory stimuli injection. All pre-operative procedures were performed to prevent discomfort and to avoid any infection. The animals were killed by CO 2 inhalation at different times.
Procedures
Induction of acute arthritis
Animals were anesthetized with an intraperitoneal injection of ketamine (52 mg/kg) and xylazine (0.5 mg/kg), and trichotomized at the region of the left side. Initially 100 μl of kaolin (3%, Sigma-Aldrich) plus carrageenan (3%) dissolved in sterile saline solution (NaCl, 0.9%) was injected into the joint using a micro syringe (300 μl). The bevel of the needle was positioned medially to the patellar ligament, performing the puncture towards the joint surface of the femur.
Experimental groups
Each group was composed of five animals randomly divided into six groups as follows: 
Low-level laser therapy procedure
LLLT was performed 1 h after carrageenan + kaolin injection using an infrared laser unit (DMC, São Carlos, Brazil). The laser unit emitted a continuous optical output of 100 mW with a wavelength of 810 nm and a spot size area of 0.028 cm 2 , which gave a power density of 5 W/cm 2 . The optical output of the laser unit was measured before, halfway through, and after the experiment. Laser irradiation was performed in skin contact at the site of injection with doses of 1, 3, 6, and 10 J with corresponding irradiation times of 10, 30, 60, and 100 s, and energy densities of 50, 150, 300, and 500 J/cm 2 , respectively.
Cellular, biochemical, and molecular analysis
All analyses were performed by an observer who was blinded to group allocation. Initial analysis was performed at Section of Pharmacology, ICB at University of São Paulo, Brazil. To ensure consistency in analyses and reproducibility of results, two other laboratories at University of São Paulo, Brazil, duplicated the analyses.
Joint cavity wash
The joint wash was obtained by injection and aspiration of final volume of 300 μl (3 × 100 μl) of solution PBS + EDTA (4 μM) (Ultrafine 29 G, BD). The joint washings were transferred to Eppendorf tubes and stored at −80°C until the time of biochemical test. The total number of cells counting was performed taking 20 μl from lavage fluid diluted in Turkey liquid (380 μl). A Neubauer chamber was used under an optical microscope (Carl Zeiss) with 40× amplification. The results were expressed as a total number of leucocytes per cavity. For differential leukocyte cell counts (mononuclear and neutrophil cells), we used the same microscope with a higher (100×) amplification. For the leukocyte differential cell counting, 100-ml aliquots from cells suspension were used for centrifugation (2,000 rpm, T=400 s, rise time=18 s, stop time=11 s).
Vascular permeability -Evans Blue dye
An Evans Blue dye (25 mg/ml; Merck) was dissolved in saline solution and then filtered in a sterilized membrane (0.22 m; Millipore) and conserved in at 4°C.
Animals were previously anesthetized with halothane and then injected intra-articularly with the Evans Blue dye, 1 h before euthanasia. The animals were killed by halothane super dose. After the killing, the joint was washed and exudate recovered in a glass tube in formamide solution (Merck article 9684,1000, 4 ml/g) for dye extraction. A 150-μl sample from each tube was used for determination of Evans Blue concentrations (BIOTEK Spectrophotometer 618-620 nm).
Myeloperoxidase activity (MPO)
In order to determine MPO levels, 50 µl of exudate was added to 200 μl of potassium phosphate buffer (pH 6.0), containing 0.164 mg/ml of o-dianisidine dihydrochloride (Sigma Chemical Co., St. Louis, MO, USA) and 0.0005% of hydrogen peroxide (Merck, Darmstadt, Alemanha). The absorbance was measured in an ELISA scanner (Espectra max plus 384, Sunnyvale, CA, USA) at 460 nm for 20 min, with recordings made at 20-s intervals. Graphs showing the absorbance variation as a function of time were obtained and the Vmax/sec was calculated from these graphs. The time interval where the measurements of absorbance variation showed linearity was chosen from the graph (optical density or absorbance) as a function of time in seconds (corresponding to the value of r2 closer to 1), obtaining the value Vmax/sec. The mean of the duplicates was calculated and divided by the amount of tissue in each plate well (each 10 μl of homogenate correspond to 0.5 mg of tissue). The MPO activity unit is defined as the degradation in micromol (μmol) of H 2 O 2 per minute. Considering that 1 μmol of H 2 O 2 per minute corresponds to a variation of 0.0113 AU (absorbance units), the activity of MPO was expressed in MPO units and corrected by the amount of tissue (mg) added to the assay (U/mg). Statistical analyses of the MPO levels were performed by Student's t test, using a significance level of 0.05%.
RNA isolation and real-time PCR analysis
At the selected time-points, the joint tissues were dissected, frozen in liquid nitrogen, and stored at −80°C. Total RNA was isolated in the Trizol reagent, according to the manufacturer's instructions.
DNase I was employed to digest DNA to obtain RNA purification and the integrity of RNA was verified by agarose gel electrophoresis. Total RNA (2 µg) was used for first-strand cDNA synthesis [reverse transcriptase (RT)] using SuperScript II. In addition, RNaseOUT was also added to protect the RNA during this process. Three pooled RNA aliquots were routinely sham reverse transcribed (i.e., reverse transcriptase omitted) to ensure the absence of DNA contaminants. Diluted RT samples (1:10) were submitted to real-time PCR amplification using Platinum Sybr QPCR Supermix-UDG and specific oligonucleotides for COX-1 (forward: CCGTGCGAGTACAGTCACAT; reverse: CCTCACCAGTCATTCCCTGT) and COX-2 (forward: AGATCAGAAGCGAGGACCTG; reverse: CCATCCTG GAAAAGTCGAAG). Beta-actin was used as an internal control (forward: AAGATTTGGCACCACACTTTC TACA; reverse: CGGTGAGCAGCACAGGGT).
The conditions for PCR were as follows: 50°C, 2 min; 95°C, 2 min, followed by 30 cycles of 95°C, 15 s; 60°C, 1 min, and 72°C, 15 s. Ct values were recorded for each gene, the results of genes of interest were normalized to results obtained with the internal control gene. ddCT were calculated and the results are expressed as fold increase. All oligonucleotides and reagents utilized in this protocol were purchased from Invitrogen Co., USA. 
Outcomes
The following outcomes were analyzed in this study: leukocyte, neutrophils, and mononuclear cells counting; myeloperoxidase activity; vascular permeability; IL-1, IL-6, and PGE 2 (ELISA); and gene expression of COX-1 and COX-2 (real-time PCR analysis, from joint tissue and joint fluid).
Statistical analysis
A blinded observer unaware of the allocation to groups performed the statistical analysis. Data are expressed as mean and standard error (±) of the mean (SEM). All data were statistically evaluated by analysis of variance (ANOVA), followed by the Newman-Keuls-Student's test. Values with p<0.05 were considered to be statistically significant.
Results
Inflammatory cell accumulation
Three hours after induction of inflammation we could observe that both LLLT (1.0 and 3.0 J) as well as diclofenac significantly reduced the total number of leukocytes (Fig. 1a) . After six hours, LLLT at the energy doses of 6.0 and 10.0 J significantly reduced the total number of leukocytes in the knee joint (Fig. 1b) .
Regarding the neutrophils, one more time we could observe that both the diclofenac and LLLT groups treated with 3.0, 6.0, and 10.0 J significantly reduced (p<0.001) the cell accumulation (Fig. 2a) .
The number of mononuclear cells was significantly higher in all treated groups when compared to control (Fig. 2b) .
Evans Blue dye extravasation Figure 3a shows the amount of Evans Blue dye extravasation 6 h after induction of inflammation. Only the diclofenac and 10.0 J LLLT groups were effective in reducing Evans Blue extravasation (p<0.05).
Myeloperoxidase activity (MPO)
Three hours after the induction of inflammation, the energy doses of laser of 6.0 J and 10.0 J doses significantly inhibited the MPO activity. Interestingly, the other laser ) energies as well as the diclofenac treatment did not present significant inhibition of MPO activity (Fig. 3b) .
On the other hand, 6 h after the induction of inflammation, all experimental groups were able to produce a significant inhibition of MPO when compared do the control group (Fig. 3c) . Figure 4a and b shows the RNA expression of COX-1 and COX-2 enzymes, respectively, in joint tissue. We observed that the groups treated with LLLT with 3.0 and 10.0 J presented a significant increase of COX-1 and COX-2 RNA expression when compared to the control and diclofenac groups. The 6.0 J group just presented significant increase in COX-2 expression compared to control and diclofenac groups.
COX-1 and COX-2 gene expression in joint tissue
COX-1 and COX-2 gene expression in joint fluid
The energy dose of 3.0 J significantly increased the COX-1 expression in joint fluid when compared to the control and other experimental groups. On the other hand, we could not observe any difference between all the tested groups regarding to COX-2 expression. These results can be visualized respectively in Fig. 5a and b.
Cytokines
Interleukin-1 We observed that diclofenac and LLLT groups (1.0 J and 6.0 J of energy doses) presented a significant inhibition of IL-1 levels in joint fluid (Fig. 6a) Interleukin-6 The levels of IL-6 in joint fluid were significantly reduced in diclofenac as well as in LLLT groups (1.0, 3.0, and 6.0 J of energy) but not with 10.0 J when compared to the control group (Fig. 6b) . Prostaglandin E 2 The diclofenac and laser-treated groups (3.0, 6.0, and 10.0 J) presented a significant decrease of PGE 2 levels when compared to the control group (Fig. 6c) .
Discussion
Knee arthritis is a complex problem with a number of underlying cellular, biochemical, and physical causes. Leukocyte infiltration to the joint is a hallmark of arthritis. In our study, laser irradiation was significantly effective in reducing the total number of leukocytes as well as neutrophils in joint cavity. This fact was corroborated by the inhibition of myeloperoxidase activity that represents a chemical marker of neutrophil infiltration. In addition, proinflammatory mediators, including IL-1, tumor necrosis factor (TNF)-α, and prostaglandins, are all over-produced in chondrocytes in pathological conditions and contribute to amplify the inflammatory process of the joint [13] . Cartilage extracellular matrix degradation and suppression of extracellular matrix biosynthesis are regulated by a significant increase in the levels of cytokines in the affected synovial joint [5] .
IL-1 was originally detected in OA synovium [14, 15] . Only minimal IL-1 concentrations, particularly in its active form, were found in normal synovial fluid [4] . IL-1 was not detected in plasma even in patients with OA with prominent synovial fluid IL-1 levels, suggesting that IL-1 most likely acts locally and alters cartilage metabolism in OA synovial joints [16] . In our model of acute knee inflammation we could observe that LLLT was able to significantly reduce the concentration of IL-1β in joint wash fluid. These results are important, since IL-1 is implicated in cartilage degradation.
IL-6 was detected in patients with rheumatoid arthritis as well as in patients with osteoarthritis [5] . Some studies showed that IL-6 augmented MMP production while also inhibiting proteoglycan synthesis, increasing cartilage destruction [17] . From this point of view, LLLT was significantly effective in reducing IL-6 in joint wash fluid in our experimental model of joint inflammation which can indicate an effective reduction of joint cartilage degradation. We agree with the definition given by Brandt et al. [18] that OA as a joint inflammatory disorder is best defined as failed repair of damage that has been caused by excessive stress. In these cases, the innate mechanism of repairing the damage is not able to regenerate the cartilage. In fact, there is equilibrium between cell proliferation and death in healthy tissue. During joint diseases such as osteoarthritis, there will be a higher index of cell death, leading to cartilage and bone destruction and disability. IL-6 is also a key cytokine in this process by the stimulation of metalloproteinases.
Interestingly, COX-1 and COX-2 gene expression presented a tendency of increase in joint fluid after laser irradiation and a significant increase in joint cartilage after laser irradiation (Figs. 4, 5) . However, PGE 2 levels measured in joint wash fluid were inhibited. COX-2 was originally appointed as a target for antiinflammatory drugs. Suppression of the activity of this enzyme reduces edema formation and hyperalgesia. However, COX-2 is also a major contributor to the processes that leads to resolution of inflammation (for a review, see [18] ). According to the author, injection of carrageenan into the rat paw produced edema formation with greatest increase in paw swelling typically seen 4-6 h after carrageenan administration. However, in wild-type mice, the swelling returned to its normal volume by 24-48 h and in COX-2-deficient mice, the extent of paw edema was similar to that in wild-type mice, but the paw swelling failed to resolve even 1 week later. These findings indicate that in fact, COX-2 should play a pivotal role in resolution of inflammation.
Sehan et al. [19] demonstrated that aspirin (ASA) is unique among current pharmacological therapies because it acetylates cyclooxygenase COX-2 enabling the biosynthesis of R-containing precursors of endogenous antiinflammatory mediators. Our results show that even when COX-1 and COX-2 expression were enhanced by laser irradiation, all other inflammatory markers such as leukocyte infiltration, myeloperoxidase activity, IL-1, IL-6, and specially PGE 2 were inhibited. These results lead us to suggest that laser radiation could be acting to modulate inflammatory process and possibly stimulating the production of antiinflammatory mediators.
